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SUM- In the process of decision making by a 
tramformer differential relay often ocures a measure 
of uncertainty. It is so, because the differential current 
may be caused by other reasons than internal faults. 
Because of that, to improve reliability the relays are 
comparatively slow, because the correct decision requi- 
res at least one full cycle of the current, and sometimes 
the delay is much longer. To improve it one may use 
several criteria and apply the so called "a fuzzy set 
approach It, Fuzzy sets became a very powerful mathe- 
matical tool to describe quantitatively uncertain values 
and relations between them. They are perfect to solve the 
decision making problems in cases, when symptoms are 
uncertain and the situation unclear. If applied to the 
protective relays they make the best compromise be- 
tween the speed and selectivity of the protections. 
INTRODUCTION 
Differential principle is commonly used for protection 
of medium size and large transformers. Although it is 
superior to all the other primary protections of power 
transformers, it has certain limitations. It is so because 
therearecases inwhich presenceofdifferential currents 
do not make a clear distinction between the fault and no 
internal fault conditions. The following factors contri- 
bute to it: 
1. The range ofexpected differential currents in cases of 
internal faults is enormous. If there is a short circuit at 
the terminals, the current may reach the level of several 
tens of the rated current, while in cases of single turn 
shortcircuit, thecurrent may be substantially lower then 
the rated value [2,3]. Because of that the ratio of upper 
and lower expected values may exceed IO00 : 1. 
2. External short circuit may cause differential currents 
because: - there may be a certain mismatch of the transformer 
and CT-s ratios, particularly if there is an on load tap 
changing device, and due to that one may expect the 
differential current at the level of 10% - 20% of the 
through current, - the CT-s may saturate in transient states caused by 
external short circuits, and in the period of saturation 
thedifferentialcurrents may beclose to the instantaneo- 
us values of the through currents. 
3. Sudden change of voltages at terminals of a transfor- 
mer is likely to cause inrush magnetizing currents, 
which may reach levels comparable with through cur- 
rents in cases of short circuits at the terminals. 
4. Stationary increase of voltages and/or decrease of 
frequency may cause overexcitation of the transformer 
core, thus generating grossly increased magnetizingcur- 
rents, which in the most severe cases may reach a half of 
the rated transformer current. 
There is a number of criteria which are being used to 
differentiate between a fault and no internal fault cases, 
most of them are based on the harmonic analysis of 
differential current waveshapes. However application of 
the criteria delays operation of the relay, because they 
requireatleast onefullcycleofthecurrentwavetomake 
a decision Besides there are still doubtful cases - for 
example a certain amount of the second harmonic may 
be present in the differential current during the short 
circuit at the terminals, due to assymetry of the gener- 
ator rotor windings. 
Taking all this into consideration one may conclude, 
that the decision "to trip" or "not to trip" may bedoubtful. 
To decrease the level of uncertainty one may delay the 
operation, and/or increase the setting making some in- 
ternal turn to turn short circuits undetectable. An alter- 
native to it is to apply the fuzzy set approach (see 
Appendix A). The theory tackles problems, which belong 
to the uncertain ones. In conventional relays symptoms 
of the cases qualify them either to the group "internal 
faults" or to the group "no internal faults". In cases ofthe 
fuzzy sets and fuzzy logic the symptoms qualify a case to 
the group "internal fault" with the membership function 
p . If p is zero, it is certainly no internal fault. If p = 1 
it is certainly an internal fault. If 0 c p c1 it is a 
doubtful case. The level of p which generates the deci- 
sion "to trip" ought to be f d  by experts. It may be on 
lineadaptive, dependingon the relativecost ofthewrong 
decision. For example tripping of a transformer at peak 
load may require the higher level of p than at no load. 
This enables to make the best and self adjusting com- 
promise betweem speed and selectivity. Due to that in the 
most of cases delays of operation are drastically redu- 
ced, but the level of confidence required to avoid unne- 
cessary tripping is still maintained [1,4]. 
CRITERIA 
It has been assumed, that the differential relay may 
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process currents from all the sides of the transformer, 
and the voltages. The later may be taken from the VT-s 
installed at the transformer terminals -which, although 
very convenient, are seldom available - or  from them-s 
connected to the bus bars. 
If the relay detects the differential current, before ma- 
king a trip daision it ought to rule out the no internal 
fault cases. 
1. The inrush current case may be ruled out iE - the value of the differential current is higher than the 
highest expected inrushcurrent (ai), 
- the second harmonic in the current is below some 10% 
of the fundamental one (az), 
- the waveshape of the current shows certain periods 
(lasting no less than 1/6 of the cycle ) when the level of 
the differential current is close to zero [3] (a3), 
- the integral of the voltage, which reflects the flux in 
the core, is below the saturation level (a4). 
2. The overexcitation may be ruled out iE 
expected in cases of overexcitation @I), 
fundamental one [3] @z), 
- the level of the differential current is higher than 
- the level of the 5 t h  harmonic is below 30% of the 
- integral of the voltage is below the saturation level 
@3,. 
3. The external short circuit with saturation of the CT-s 
may be ruled out iE 
- the level of the differential current is greater than the 
greatest current expected during the external short cir- 
cuit (n), - the level of the second harmonic is below some 20% 
of the fundamental one (yz), 
- the large value of the through current did not exist 
before the large value of the differential current was 
detected (y3).  
4. The mismatch of the CT-s and transformer ratios 
combinedwith highloador anexternal shortcircuitmay 
be ruled out it: - the value of the differential current is much lower 
than the through current (ai), 
- the differential current is greater than the greatest 
expected value of the current caused by the external fault 
and mismatch of the transformers ratios (62). 
The list of criteria may be much longer, including the 
ones which are "more certain" and l ess  certain". 
LOGIC 
The criteria are checked comparing the measured quan- 
tities with the given settings. If the measured values are 
considered as fuzzy numbers, and the settings are also 
fuzzy, realization ofeach criterion may be considered as 
a fuzzy number. This is illustrated in Fig.1. Three fuzzy 
numbers represent measured currents : IA ,I& IC. They 
are compared with the fuzzy setting S. The level of pre- 
sumption that the current IA is greater than the setting 
Figure 1 Comparison of a fuzzy signal with a fuzzy 
setting. 
is zero. In case of IC the level is equal tounity. In the case 
of IB it is equal to +: 
8 
+p= F / F  (1) 
* 
where: F - shaded area in Fig. 1, 
F -total area under the IB curve 
Now, the logic of the relay may be presented in the 
following form: 
0 = I * (a1 +a2 + a3 + a4)*@1+82+83) * ( y l  
(2) +y2 + y3) * (61 + 62) 
where:I is a criterion, that the differential current exce- 
eded the minimal setting, 
a, 8, y, 6 are criteria described in the previous 
paragraph. 
Some of those criteria may be represented as ordinary 
Boolean numbers ( 0 or 1 ),while some may be given in 
the form of the level of presumption, which is a value 
between 0 and 1. Therefore the aggregated estimation 
given in the form of 0 becomes also a fuzzy value (0 < 
O< 1 ) and may be calculated on the ground of the fuzzy 
logic rules (see Appendix A ). Eventually the decision 
to trip is taken iE 
0 >  A (3) 
Where: A - the level set by experts which may depend 
on the actual system conditions. 
.
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CONCLUSIONS 
The fuzzy set theory if applied to differential relays 
brings the following advantages: 
1. In clear cases it is reduced to the standard Boolean 
logic. 
2. It enables the very fast operation of the relay (a 
fraction of the cycle) if the "fast criteria" are satisfied, 
however a self adapting delay is introduced in non clear 
cases, or if the slower criteria are to be used. 
3. Uncertainty is considered quantitatively and enables 
to determine the level above which even in uncertain 
cases the tripping ought to be initiated. This level may 
depend on actual conditions which exist in the power 
system. 
4. This approach gives the good compromise between the 
speed and selectivity: the relay is as fast, as in the 
existingsituation maybe, maintaining the required level 
of confidence, thus avoiding unnecessary tripping. 
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APPENDMA 
zxUxa€ 
The theory of fuzzy sets and fuzzy numbers is a mathe- 
matical tool to describe quantitatively uncertain values 
and relations between them. Therefore they fit very well 
to decision making in many fields of engineering, inclu- 
ding power system protection and control. 
A fuzzy set A consists of pairs of numbers: 
A = W(x),xI 
where: x is an element of a set X, 
~ A ( x )  is a membership function for the element x with 
respect to the set A (level of presumption). 
As an example in Fig. 2 there is shown the membership 
function Of CurrentSpF(1) into the fuzzy set called "short 
circuit currents". This means, that if amplitudes of cur- 
rent phasors are greater than 300 A, the current is 
certainly caused by a fault. If the amplitudes are below 
100 A, the currents are certainly not caused by a fault. 
Intherangebetween lOOAand300Athecurrentsbelong 
to the set called "fault currents" with given level of pre- 
sumptionpF(1). 
700 300 I A  
Figure 2 Membership function of the fuzzy set "Fault 
currents". 
There is a collection of fairly simple algebraic rules, 
which define operations on fuzzy sets. 
A fuzzy number A is a fuzzy set, which describes a 
number which in everyday talks is defined as "X is about 
a". In Fig. 3 there are shown three numbers: 
- an ordinary number a, for which: 
pa@) = 1 
pa@) = 0 
for x = a 
for x # a 
- two fuzzy numbers AI and Az, both of them have the 
same mean value a, for which: 
pAi(X) = 1 fo rx=  a 
~ A Z ( X )  = 1 forx = a 
Comparing Ai and A2 one may conclude, that although 
both of them have the same mean value, the number Ai 
is "little fuzzy" (a narrow membership function), while 
the number Az is "much fuzzy" (a wide membership 
function). It is obvious, that uncertainty associated with 
the fuzzy number A2 is greater, than uncertainty asso- 
ciated with Ai. 
There are various quantitative measures of fuzziness. 
For example one of the simplest energy forms for the 
number Al is the following: 
K(A1) = pAl(x) dx (4) I 
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If a fuzzy number is given by the set of samples x(n), it 
may be represented by the standard values: 
i=k 
m(n) = l/(k+ 1) I: x(n-i) (6) 
i = O  
a(n) = m(n) - Xmin 
B(n) = Xma~ - m(n) 
(7) 
(8) 
where: k - number of considered samples 
the considered samples. 
X h ;  X-- minimum and maximum values of 
Figure 3 Ordinary number a and two fuzzy numbers Ai  
and Az 
The higher K(A), the "more fuzzy" is the number A. 
The Fuzzy number contains a certain information as to 
the value of the set. It is obvious, that the more fuzzy is 
a number, the less information it contains. The amount 
of information in the number is often defined in the 
followingway: 
IN(A1) = 2-K(A~) (5) 
Figure4Triangularapproximation ofa fuzzy number A. 
Fuzzy number A is often represented in a standardized 
form, by three numbers: m ~ ,  a&BA, where: 
m~ is a mean value of the number, 
aA, BA are left and right bounds. 
Between (I&% - aA) and ( m ~  + BA) the fuzzy number 
must be somehow approximated. There is a number of 
standard approximation, in Fig. 4 there is shown a 
common triangular approximation. 
There is a number of rules which define operations on 
fuzzy numbers (arithmetic of fuzzy numbers), like addi- 
tion, subtraction, multiplication, division, integration 
etc. 
On theconceptoffuzziness theremaybe basedlogic.The 
standard Boolean logic assumes, that the logical variab- 
lex is either 1 (statement x is true) or 0 (statement x is 
false). In the fuzzy logic any value between 0 and 1 is 
possible. Therefore if x= 1, the statement is true, if x=O, 
thestatement is false, but if 0 < x < 1 it is true (or false) 
with a certain level of presumption. For the fuzzy logic 
there are certain algebraic rules - similar but not iden- 
tical - to the Boolean algebra. For example: 
x and y = min(x,y) 
x or y = max(x,y) 
n o t x =  1 - x  
Fuzzy logic is suitable for describing uncertain or inac- 
curate statements and makes possible to draw from 
them conclusions. 
